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ABBREV IATIONS

The following abbreviations are used in this document:

ADINA - Automatic Dynamic Incremental Nonlinear Analysis Code

CAMPACT - Container for Armaments Protect'ion and Transport

DOF - degree(s) of freedom

FE - finite element

FEM - finite element method

4H&R - H&R Technical Associates

M55 - 115 mm chemical agent rocket weapon

SwRI - Southwest Research institute

2-D - two dimensional

3-D - three dimensional
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.0 BAC:KCRCUND AND S'UMMARY

H&R Technical Associates -as been contracted to assess the risks
associated with the transoort of M55 chemical agent munitions. in support of Iwo
these studies, SwRI has analyzed for H&R various sub-problems in the areas of
thermal cook-off, structural damage, and penetration of these munitions and
their shipping containers. Separate reports have been issued by SwkI stating
the results of these analyses.

This particular document addresses the impact analyses performed on the
rccket packing assembly, hereinafter referred to as the "pallet assembly."
The concern motivating these analyses can be stated as follows. 'What is the
highest distance from which the pallet can be dropped onto an unyielding
surface without inducing leakage in in the agent cannister? In response to
this concern, a pallet of M55 rockets, illustrated in Figure 1, was analyzed
to determine if it could be dropped onto a unyielding surface from 40 feet on
each of its faces (end, side, and bottom faces) and not induce failure of the
agent cannister.

It is articipated that pallet assemblies of M55 munitions will be shipped
in a protective containers named "CAMPACT." On the exterior, CAMPACTs
resemble ordinary 20-foot shipping containers. They are especially
constructed for transporting hazardous materials, however. CAMPACT 
construction features include a thick foam inner lining, aluminum honeycomb
and Kevlar sidewalls, and an interior truss for added strength. The sidewall,
truss, and inner lining provide a substantial increase in rigidity and
thermal/fire protection over conventional container construction. Figure 2
illustrates this container.

If a loaded CAMPACT container is dropped, the f:.am lining of the CAMPACT
might have an ameliorating effect on the agent cannister response. On the
other hand, the additional mass of pallet assemblies above the agent cannister
of interest might significantly increase the cannister response. To establish
in a qualitative manner the effects of the foam lining and pallet interaction,
additional calculations were also performed on a simple pallet model modified
to reflect the cushioning of the foam inner lining and the added inertia of
other pallets. (For detailed calculations of the structural response of the
CAMPACT to impact see [11).

It is important to briefly mention at this point some conditions that
were assumed to make the impact analyses tractable and the scope of the work
performed. Firstly, it was assumed that the agent cannister was in a new
condition, that is, aging effects such as load history, corrosion, creep and
pallet degradation were not in any way assessed or accounted for. Seconcly,
it was assumed that agent cannisters were not leaking at the time of
transportation. Thirdly, in regards to the scope of this work. tnese analyses
quantitatively address only the impact of the pallet on a unyielding surface,
separate from any shipping container which might be used to transport . -

pallets. Interaction effects nave teen addressed, in a qualitative way, for
the longitudinal impact case, nowever.

Results of the pallet impact analyses can be briefly summarized. In the
case of bottom or vertical impacts onto unyielding surfaces from 40 foot

% :0%1
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heights, it was concluded trat failure of the agent cannister wouid not
occur. For end or longitudinal unyie_ing surface impacts from 40 feet. the
analyses indicated that strains in the agent cannister exceeded the failure
criteria and leakage of the agent cannister probably would occur.
Longitudinal impacts onto unyielding surfaces from 30 feet did not cause

failure of the agent cannister, however. Analyses of s.oe or lateral impacts
of the pallet onto unyielding surfaces from 40 feet showed that cannister
failures would probably occur. Calculations of the interactions between

pallets and the CAMPACT indicated that the CAMPACT could have a sLgnificant
ameliorating effect on tne pallet response during longitudinal impacts from 40)
foot heights.

This report has been orzanized :o assist the technical reader in -'

understanding the results achieved, and also how they were derived. It

consists of two major parts. The first, or methodology section, describes the
problems solved, the details of the finite element models used to generate

strain-time histories in the agent cannister, and general features of the
nonlinear computational scheme. -he second part presents the results,
primarily in the form of strain-time histories for nodes at several positions
along the agent cannister. These plots are discussed in light of the failure
criteria adopted and conclusions are then drawn regarding leakage of agent. --
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2.0 ANALSIS METHODOLOGY

_ }verv;ew

.oes not recuire mucn stretching of the imaginat:icn to suspect that

:nnoi, ra lets from -)-foot heights onto unyielding surfaces could cause
orf.i._iire of callet components. Responses of this type have the

--ererai :~asL:fiatfon of nonlinear response. What is meant v ronLnear
:stonse :s tnat concuted dis lacements are not linear functions of tne

.eo Ica-s. .ns _s a mathematically correct, but physically an
a- pea~ 7. ex:c,:nat or,

eera1 .nysica- ohenomena can oe identified as causing norlinear

resconse: materia' yielding, cnarges in booundary conditions, and Large

acements. Material yieling results in a nonlinear relation cetween
e stress and strains: large displacements can cause yielding also, but

-.ev -na-je t-e ire.ticns of the acolied loads on the structure as wei-.
1. :o.ncarv ncitions .enerallyv occur when the structure makes

-ntact n oner str-cures, usualy after some initial disolacement. rhis
:n a non" near response oecause there is a "step change" in

-." s of the a e assemolv invoived all these types of
-es. " as nearli certain from the outset of this project that

-- iz:: A ..:acs an 'ow /ieLd points of some pallet components would result
7ne : matera_ :-enav7or. Although not so obvious, it also became clear

-at .Orce nis:a:ements would be induced as well; some component
~:.c:ements exceeded one inch. Finally, the structure of the pallet is such

-i arge displacements, some components could make contact with the
-= rface an. therefore, changes in boundary conditions could also occur.

ic eooter program Droposed and used for the pallet impact oroblems was
' " L :n ;D'hA. four eveIs of computational comp 'exity exist: linear

e.aso c, -a:era.", noni.near, total Lagrangian, and updated Lagrangian
*,- ~- -, - n :rCut~:ional -evel is more complex because fewer assumptions

s -r- o ct~ral response are made, e.g., small strains linear materials,
7,1 : . e: s, and constant boundary conditions. "t appeared at the
z.r:, nat :ew assumptions like these could be made in the case of pallet
-- cc-, tne resu.ts nave indeed validated this aoroach. Thus, for the

. _et -pact pron-ems, an iodated Lagrangian; the most computationally
-31 .; e tecnnique, was employed to construct solutions. That is, materials

-S"s_:ed to oehave nonllearLy, displacements were allowed to become large
na-zes in loading directions and boundary conditions were accounted for.

nper :c nted out that one of the features of these impact problems
-": is..mctions maJe in more common engineering problems could not

.ora. .ic. i- vas not possible to reduce the computational effort
.? t r.soruct sox.tions, it was possiole to reduce the problem size.

-ntmc:es -ere keot to a reasonable size (less than 250
- _s e;uations by making plausible assumptions about pallet behavior

in_ rmzact orientation. These presumptions about ' allet
" -nor, se cet tne eneral features of the FE models that werei~~o ih "e"E d

5

Ot%
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First, it was presumed that in each of the various impact scenarios, only
certain elements of the palle: assembIy .ouI" ce si-nificantly loaded. Tus.
the rest of the pallet need not be explicitly modeled so Iong as its inertia
was accounted for. A second presumption made was that the impact response
consisted of rocket bending and cross section crushing loads (at -he rocket
supports) and that these phenomena could be treated separately. Thus, beroin'
and crushing strains were computed using different FE models and results 4ere

,. superposed.

In consequence of these initial assumptions about the pallet resnonse
behavior, five finite element models were created to analyze t-tom
(vertical), side (lateral), and end (longitudinal) face impacts. 'erticai and
lateral impact analyses utilized two models each: a team and truss element
model of one-quarter of the zallet assembly to obtain Oending strains, and a
two-dimensional model of the rocKet support region to ootain strains in the Jl
agent cannister due to crushing or soueezing. The end face or longitudinal
impact scenario does not invoLve any crushing or squeezing of the agent"
cannister between latera. s-ctorts so only one model was constructed.

Assumotions about oallet resconse oehavior also guided the selection of
the nonlinear material models used for pallet components. Where strains were
expected to remain in the elastic range linear, elastic models were used.
Where strains mignt exceed yield values, elastic-plastic models were selected
appropriate for tne material. Nonlinear material models used in these
analyses were isotropic elastic-plastic, elastic-perfectly plastic, nonlinear
elastic, or orthotropic elastic [3]. For nonlinear elastic-elastic models, a
material elastic modulus, yield strength, and tangen: modulus are specified;

isotropic strain hardening is assumed in this materia. model. Elastic-

', perfectly plastic models appear to be nearly mathema-ically identical to
elastic-plastic models but the tangent modulus is in':t as zero. These models
constituted the principal material representations i-. the 3-D analysis.

* Nonlinear elastic material models were invoked to reoresent rocket tube
crushing phenomena and the CAMPACT foam; orthotrooic elastic mater-a :
were used to represent the wood in the rocket, tube 2-D crushing anaiywLs

-p In the version of ADINA available at SwRI, there is currently only or.'
rp orthotropic material model active: a linear elastic material model. For tne

2-D models described below, such a material model was considered acceptable.
The 2-D models were used to obtain crushing or squeezing stress-strain

* characteristics of M55 assemblies resting on lateral supports. Only localized
plasticity of the wood supports was expected in these analyses, hence, a
purely elastic representation of the support was considered to give reasonable
results. In the 3-D mocels, on the other hand, large amounts of plasticity
were expected in the bending of the wood supports. Thus, a linear-elastic
model was not suff~ciertlv accurate. In this case, isotrcpic material models

*w4ere used. Material properties selected for these "isotropic" wood materials

were the orthotrooic parameters corresponding to the most heavily loaded
orthotropic axis. For example, in the vertical impact model, where the wooden

-., lateral supports ,ncergo berdin£z about axes normal to the grain direction,
g7rain direction mechanical properties were input as the "isotropic" material
model, as the principal bendirg stresses would occur in the grain direction.

A, Because the version of 4DINA availatle at SwRI toes not contain ap

, elements - elements specifica'ly Jesigned to address 2ontact phenomena - it

6
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,4as difficult to adequately address tn7e.e corditions in the lateral pallet
impact proolem. A nonlinear e-st:c element wL:h irreasina stiffness .as
created for the vertical Dalet Drooem; a nd used with some success to
represent contact between "ateral succ, rts arc tne ground. Details are gL;en
in Section 2.4.

Scme assumptions ere also mace ccncerrign failure. Failure oy excessive
straining- as ass-mei to occ-r .-en -.e ota strain at anv ooint the az:n_-
cannister exceeded a orecetermnlned value. The r2tura± lloys HarcbocK
gives tne uitimate strain :: o t-ne cannis:er materiai, as S 4].-

While a strain of 81 at failcre mi:nt Ce reached in a test coucon t was
believed that -" was a more realistic --ii-re strain :or tre a ent,
cannister. This recuced all:waste strain relects ncert'antLes azcit tre
actual agent cannister strength capacity and the rcOac: itv that some stress,
concentrations exist for the cannister 4hich are not a~cunteJ 'or n the
model.

Buckling failure modes were 2onsiderej for end face, or Longitudinal
impacts. Failure by buckling was Jetermined by comparing the critical stress
for an empty cylindrical shell -avin_ cross-sectional dimensions equal :0 tne
agent cannister) with .he maxzm uc ng stress caused by a longitudinal
impact. Failure by buckling ws Presumed if, during the impact, loads
exceeded the buckling critical value. Note that tris approach may be
conservative. in general. tne ajent cannister is considerably more than half
full of agent; the fluid cod s,,nificantly stiffen the agent cannister and
thereby increase the critical tucKLing stress.

n the sections belw, each of these finite element models are discussed
in detail. These lisc-ssions include descriptions o:' the nonlinear material
model, active degrees of freedom, special purpose elments, boundary %

conditions assumed and the applied initial conditions. Models are discussed
in order of increasing complexity: longitudinal, lateral and vertical impact
analyses.

2.2 Longitudinal Impact

2.2.' Analyses Performed

End face or longitudinal impacts of pallet assemblies actually involved
analysis of only the M55 rocket sub-assembly. It was assumed for this loading
scenario that no interaction took place Oetween wooden pallet members or
fiberglass launching tubes and the rockets. (Calculations in Appendix D show

* that this assumption appears to be a valid one). Therefore, the finite

element models of the "paillet assembly" consisted of a single M55 rocket,
oriented nose downward, with boundary conditions simulating a rigid impact
surface. Neither the compliance of the plywood end caps ksee Figure 1) or the
launching tube end plugs were included in the longitudinal impact analyses. %
This approach is conservative although it was judged that their effect on the "
agent cannister response would ce small. ,

SwRI numerically calculated the nonlinear dynamic response of a single
rocket impacting unyielding surfaces from heights of 30 and 40 feet and
mated the effects of the CAMPACT structure and its internal pallet

at. nment on the safe/not safe drop height.

7
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Before computing the zynamic :muact resoorse of The M55. the fn:te
element model was checked. nan caicuiaions were made of The rocket weight
and the first longitudinal nat-raL frequency. The estimated rocKet weight of
57 lbs. agreed very wel! wi. The numerically computed weight of 57.01 Ibs.
The comouted first Longitudiral frequency was 210 Hz. Closed form solutions,
assuming a uniform 'stribution of mass and stiffness, gave the first
longitucinal natural frequency as 2'6.4 Hz. These closed f'or- solutions are
contained in Aooendix A.

2.2.2 Model Develooment

To analyze impact on unyielding surfaces, the invest.iators -sed oeam
element model of the M55. This model consisted of 28 beam elements naVing.
only one translational degree of freedom (in the rocket's aXial cirection) at
each node. Features of This mocel are shown in Figure 3. :n zeneral. only
the rocKet casing, anc not rocket Internals, was considered in establishing

* the mode's axial stiffness. An exception occurred in the warheac regin,
-" where effective cross sectional croterties were computed that accounted for

the additional stiffness of the burster cas ng. Details are in Appendix A.
Note that the burster's irzernai steel sleeve an: plastic tube were not
considered to add t: tre warneaI's axial stiffness, primarily because of their
lack of longitudinal -5c-: i:<t; -I ].

Since tapered team elements are not ovailable in ADINA, tapered sections
, of the rocKet were represented zy snort beam elements, each of uniform cross

section, out increasrzr in area in the direction of ir.creasing section
diameter. Eenert In a tazered region had outsi:e diameters equal to the
average outer diameter of the tapered section represer.ted.

- To achieve a correct distribution of mass along The r.cket's Lenzth,
- effective densities were computed for each element. These effective zensities

accounted for rocKet casinR and internal weights such as the fuze mechanism,
the chemical agent, and the solid fuel. The exact densitv of the chemical
agent could not oe determinet, so the density of water was isec. Because the

nagent ienslty was _nknown. there 'ay be some error in the FE model's mass
distriout'on. Total rocKet mass :sed in the analyses was correct, no eer.
and equaled 57 Ics.

Each M55 -n tne pallet IssevMC'! is inside a fiberglass launcning tute
I having closed ends. These t be end :iugs are fabricated from aluminum and are

counteroored or millec to accept the rocket tip or firs. For the longitudinal -
impact analysis, the plug at T -e nose of the rocKet is of interest. This
fitting, three inches thicK, _s coun-eroored for three-quarters of its
thickness so as to accept -he M:5 fume assemov. As this puts very little
material between tre rocKet nose and the impact surface, the end iu;
stiffness was ignored in the calcuiation of rocket impact response. Shear-

- loads between the courterblore in the plug and tre rune were not corrputed.

:n addition, a plywood end cap at each end o' tre callet ore'vents
longitudinal motion of the rockettube assemolies during transport. End caps
are 34.-inch thick plywood sheets with holes located at each iaunchin tuce '"

V end plug. End cap role diameters are smaller than end plugs. Again,
compliance of the oiywood end cap was ignored, resulting in a conservative

a calculation of the rocket resporse turing longitudiraL impact.

%. ~ % %~. %~ % % % ,- -*
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E-gure 3 also shows the moe toot .as develcped to zestiMate the efc
*on to-e rockets in a CAMPC?. ccn-a-.-er .r.erzoing a ontia impact.

Results obtained from this moce! should 7not be considjered def'initive, tut
ratner should indicate wnether .T~:~zol rcacts for rocKets insi-oe
CAMPAC~s should be more or less severe tnan imocacts on unyielding surfaces.

*This3 model 4-s a simole exters ton of the M55 FE model u,-st descriced. n t
the nose, a nonlnear elasti-c elemrent. has been added to reoresent, the thick
foam insulation or. the CAM4PACT door. Also at the nose, a 1>i.mced mass has been
added to represent rne pallet 2o.npcn ents behind the modeled M55 rockcert. te
4 eight of thoallet contair:-z trhe modeled M55 rocket. and t-e intern-al truss
and roller assemnolv of' t-e comoact. 7hese weights are add ed at tne front of
the M55 rocket rather toa-n tne rear' so that their loadinz effect is felt by
tne fo am only, an-- not to.e rcco-. t'is assumed in a C.AMPLCT lnij~~
-npact, toat no pal~eo -or~ ca23 pass through the rcc,:ets, nut or:-v
throuah other n a--et memrwers a7rc tnen into the foam. 7his as3..m:oc-cr -s

*supported by toe calc, at:,ors c: -icoendtx D. -

2.2.3 Finite Eleren t Cha-acter.st -cs arc Materil Models

*The M455 cas,-r.z is fat-r~care-c :rom steel and aluminum. .7rCm dra.ris
4 oroviced to SwRI.rcurc ,u mechan~ca-l crocerties arnn or tne- cnemica

comoosition of the cas'in, mat-Erla-s 4ere :ouno. From, these cata, the ayer t
-annister (aliuminm) -.as t-ake- no ze n061 in tre T6 t.emper oooct:-.on, and t-he
rocket casirw (stee) to ce -i!S: '-30, wae-unhdand temurerej at 600-F.
:7-r aluminxn or steel :Ln1te ee ments, a bilinear e-toos~ aterial

- odl as-sd The tar noet od for the steel ar.- the i .un ere
calculated oased ucon * and 4" strain -it failure, esct'y.As
previously cisoussed, thsval-e represents one-half oftoe nia.<ial tension
test value for the alm7um ertinent material roo--. -rcun-; lata are
sum=mari.zed below.

Taole I1.

Mechanical ?roperties of AISI 1031) -,ee
Longitudi-nal :mpact FE Mdel

IProperty Va I e

Elastic Modul'us, E 3D. 0 E 6 o-si
Poisson's Patio '-.270
Yield Strength EyD 3 s
Tangent MojuL,-S, E- ~.9 S Ps.



Table 2.

Mechanical Properties of 0CE I 6 Aluminuim
Longitudinal impact FE Model

Prooerty ;alue

Elastic Modulus. H 10.0 E 6 osi

Poisson's Ratio 0.3CO
Yield Strength 38.8 E 3 cs-
Tangent Mouilus. £' 88.5 E 3 ps;"

The truss element representing a portion of the thick foam layer r
CAMPACT door was developed from test data [6]. The length of this element

approximately equalled the foam layer thickness and its cross sectional re a
equalled 1,6Oth of the door area. (In the CAMPACT, 60 rockets impact tne ztor

• . during a longitudinal impact). The stress-strain characteristic of the :cam
is essentially piece-wise linear and consists of three pieces. "he mcduius of
the elastic region is defined as "E" and tangent moduli of plastic regions are
defined as "El" and "E2", respectively.

Table 3.

Mechanical Procerties of CAMPAC roam

L-ongitudinal impact FE Model

-" Prooerty Value

Elastic Modulus, E 35.0 E 2 psi
Yield Strength 14.0 E 1 psi
Tangent Modulus, -1 0.0 psi

(at 4' strain)
Tangent Modulus, E2 99.2 E 1 psi
(at 52% strain)

2.3 Lateral impact

2.3.1 Analyses Performed

SwRI calculated the dynamic response of a pallet whpn faling from 4O
feet in a lateral orientation and impacting an unyielding surface. Dynamic

A response of the agent cannister due to impact was assumed to consist of two
separate phenomenon: bending of the rockets and squeezing of the rockets and

* tube assemblies between the lateral wooden supports. Strains and stresses

induced by these phenomena ere calculated separately and supt-rposed to obtain
the total strain or stress in the agent cannister.

A two-dimensional ogane stress FE model of the rocket, launching tube,
and lateral support and a :-nree-dimensional model of the middle row of M55 '

% % -."



rocKets in thne pallet assembly were created to cornoute the sq'ueezing ano
.ending results. Figures 4 and 5 'Jlu-strate the crincical etue :ontairned
in these finite element models.

The 2-D squeezing aralys is ( Fgure 4) was a calcjlatuoDn o:tre m'Ias i-
static response of the tuoe. azgert canniste r anI support ! e a sell
increasing lateral shear l'oad. From tris analvsiis, snear fDi I ue o
rocket tube assembly at the su~oort could tne assessed. re e

fiberglass maxtimum Drtnrci~al stress versus tre tota: snear .cid.a e!s
the aluminum cannister strain versus total snear 13ad. 3, :ne~'

plots. one can see that when the fiberglass reaches a ttes 3:-
failure stress) , st ra in in tne aluminum agent cann Ister - 3 2ea 2
failure stress and cannister strain correspond to a toi_ ei
approximately 235 kips. Lthouzn the 2-D analyisis . as on'~D r 3re~ar
loads greater th an 25 K4ics, these results include th-e st.f>s
fiberglass 1-d are not -iery meaningful.

1t is ostulated that. -at the 25 kips shear Load !eve- t ":zeri3
*failed cormple-ely. 7ne strain in the aluminum at this loan evi nearq; 2.

is oresumed to step change to a value greater than 4%, upon. f--r : ne
fiberglass. Hience, a simultaneous failure of the awent car3ter and
fiberglass launching tube is presumed to occu-r. "or this re ason. Z'-) Kis is
adopted as thne cannister failure shear load at the suoccrt.

* The three-dimensional bencing, model (Figure 5) was :rnat to give the
*maximum oending strain and the maximrum shear Load in thre ro.-ket: Cannister. :t

was anticlopated that s7,ueezing and berdinig compoDnents -ouli be supercosed to
estimate the tctal strain state in teagent cannistsr-. ;Su:erposition would
be cerformed at times when eiter the azent canniste, ~ - strain maxima or

*the cannister squeezIrn- strain maxima occurred . As>3iae in the results
*section, this superposition ,as not *Atimat-e' reure eca-use the squeezing

strain component at tne Lateral support, by islexceejei the failure
criteria.

Both a weight check and an eigenvalue cneck 4ere made --n 7nne 3-D pallet
*model. The purpose of these check runs was to assure tne r-vesti14ators that

the model had- the correct mass and stiffness 'properties5. ne wight of t-he
middle row of rockets and lateral supports was calculated hvy nan_ to3 2e 147
lbs. Weight of the finite element model was 146 lbs. S nI M Ir a e'r e rtwa s
obtained between closed form and numerical calculations o: A
first bending mode of the rocket/'tube assembly was callt:-- -o Cc 279 Hz. A

similar mode was calculated numerically as 24' Hz. Closcij §:'3- _~eIae
calculations are contained in tedxB

2.3.2 Model Deveiocrrent

As previously mentioned, Figire 4 ;1: istrate s the:-.e~
squeezing model used in the iater Icc -1na-sis. 11 e ' c-dfnt

element model consisted of acoro~: inately ',-o 2-_,I i on rs -en ts n avin g

*a thickness approximately ejqual to tnre latea D uort h c..r .3s.

For lateral squeezing ofC tre -iz-nt oannste AnIunc -. tucne, on , --re
plare of symmetry exists, tne 21ane -otin' he iiJC~r' n e of

rocKet tube assembly. Thus. tcret'ire 3D'ttM hal'* ft --he nn tInd t;:ce

12
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assembly are represented ~nthis oc. revare mcde Led w ith b aad P a te
elements so thnat, with m~nimal mnodif ication, the Latera. 3queezing model ccOiO
also oe used in the vertL.za cr, sr.ing ana~ysis. _t is not necessarv to
reoresent in the model tne entir'e ccoru rna,* of ic wocern support,. Jn je r
the lateral shear load-s :_'dicated in F: re 4. only th- ri~ tion of -he

0.sutport isodcictu n ~n .o s reoresetd

3oundary cor 4L~t-ons -at th e edge=s c:' :--e lat-eral s,.oport., and the rocket
casing ant -a-rcninz t-une centerpoanes are a _:ndicated ;in 7gure . n
addition. notes a-o- .g ne agentr r trannn ~e arc Itube-sutocort
interfaces are itoe n tne radial direction. -n z,_roose ofths
constraint e-,at ions is t-D i.'ow circumferential slippaze t-ween th.e M55

'arocket ant its _a'ocr nn aie s oo Irs:r realit.y. Bearr anrd c _7te e-lements
representing the _a~ncnirz t .e ant agent cannister are aiso ccupled via
constraint ez-aticrs. T h ese cuat ion-s rec t i ied tne ceam rc ta t:on al .4 _-
plate translationa_ zegrees o: :reeccm.

7izure 5 _:llustratestn :eat-res of the 3-D tencinr_- moceL. O~nly; l
middle row of M55's in the alet assembi; are reoresented. Because thnere Are
no significan~t -cl ' :zatns cet,.een rows of rocKets in tne pallet, int-enact-on
between ro,4s nter lateral. :mcact is neglected. The FE model accol.nts for
interaction zet.-en rccKets tomcnising the middle row ov cornectin
rocket tut asembo'Ies wLtn tr-_ss elements re~resenting t.he zrain-_,irecticn
stiffness of' the atera_' ooJer supports.

To octain correct stresses and strains at Laurnrng tut-Ie and agent
cannister cro:ss 3ections, rocket'tube assemblies wer- mceled by coupled sets
of beam elements, one set of elements representing .etu bes, one set

* representing the roocets. Constraint equations were toicthat required
translations (i;n the imoact direction only) of roc~ce7 antj tube be identical.

-. .nese coupled beam sets are reoresented by a single ..:ne in Figure 5.

Derivations of trhe constraints are given in Appendix B.

Only half the longitu,_dinal length of the pallet is represented by the FE
Y model. Symmetry has neen assumed acout the pallet lateral centerplane; the

*effects of asymmetrical response 'nodes under latera. imp-act are assumed to be
negli ible at the agent cannister. Bouncary condi4tions at the rockets'

*midpoints are as snown in Figu.re 5. Launching tubies had identical boundary
* condit -ons at corresponding ncotes. Elements representing the rocket-s had

annular cross sections and densities which-' accounted for casing and internal
weigrnts such as the cremical agent and solid rOrCet fu.el.

2.3.3 Finite Element -Characte-ristics 'and Material M odels

The squeezing an,_ oending materials developed for tne Iatera_' Impact
problem were identi2a1l exce pt tnat, o-ne accitional. material mcde. ez:sted inI
the 3-D model that idj iot exist in t-he 2-analysis (.43: '1-_30 steel). As in

tne case of the onijna mcact orobiem, aluiminum and steel rocket casinzs 1
were represented as elsi-:s T ateris with tangent m~oduli calculated
based upon failure stra~ns . .Again, for the almium he value used
reoresented one-halff 1, tn nixiil tension test Iata. Pe rtinent material

* model input data are sumar~zed iow

16 .'t
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Mechanical Properties of A7SI 1030 Steel
aterai _mact FE Model

4' rr'D~rt7 a Iu e

Elastic Modulus. 30.0 76 psi
Poisson's FatiD 0.270)
Yield Strength 30.0 E 3 psi

Tangent Modulus, 1 .39 E 5 ps-

Table5

Mecharical rDper-7ies of 616-T6 Alumium.
atrai oc FE Model ,"

Proper y 'a'e

Elastic Mculs, F '0.0 6 psi
Poisson's ;atio 0. 300""

Y ield Strergtn 38.8 - 3 psi
Targent Modulus, i8 .5 O 3 psi

Fiberglass material data were jevelouec from th- tube specificati"on gven
in the pallet assembly drawings anj from Owens-Cornine Fiberglass Company data
found in reference 7. An average glass to resin rato of 35' was assumed. A
sufficient amount of this glass was assumed :o be in rat form to result in
isotropy.

Fiberglass is a brittle elastic material, i.e., there is i Linear
relation between stress and strain up until failure; however, material moies
with ultimate strength cut-offs do not exist in the Swl versicn ot ADKA..
H Hence, for the purposes of computation, an elast.ic-cerfecti tast.c naterai
model was used for the fiberglass launching tubes. Folcwng calcuJt ion of

6 solution, launching tube elements 4ere manually cnecked for "oiasticitv"
(failure). For the 40 foot drop height, "plasticity" in the fioerzlass was

insignificant, occuring Dnly over a small portion of the tube length and never
occurring through the complet e wall thickness.

Mechanical properties 'used for the launching tubes are summarized below.

17 '
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...: Ta ie 0.

Sechanical Properties of Fiberglass Lauc -.. Tuces
Lateral :Mpact FE Model

Procerty Va ue

Elastic Modulus, E .o E 6 osi
moisson's Ratio 0.
: ield Strength 2 .0 E 7 osi
7angent Modulus, E' 0.0 psi

A:xial or zrair-drec:lon sz:.fness of the wooden rocket sucrorts was

estimated from an effective cross sectional area for the support. 2ecause
supports have a "scalloped" shace, their actual area varies along the support
length. To simoifv the modelr.g of these members, an effective seam width

% was computed based nn the oeam longitudinal area and ieng:1. See Apperix
B.) Because most of the stresses during lateral impact were expected to be

axial, the beam element in this model was given isotropic material properties

identical to the orthotrooic grain croperties. Yield strength was taken at

12o moisture content, conforming to seasoned wood [8] [9]

- Pertinent characteristics of these elements are shown in the table below.

Tatle 7.

Mechanical Proerties Wooden Lateral Supoorts
Lateral Impact Model

Procerty VaIue

Elastic Modulus, E, 1.353 7 6 osi
Poisson's Ratio 0.239
.'elJ Strength 5700.0 :)s

,4- Tangent Modulus, E_ 0.0 ps3

* 2.4 Vertical Impact

2.4.1 Analyses Performed

SwRr computed te resporse if the paliet assembly when failing 40 feet

onto a unyielding surface, n Lts normal. upright orientation. Dvnamic
response of the agent cannister to imoact was assumed to consist of two
independent phenomena: oendn- of the rockets between 'atera suDoorts, and

4- diametral crushing of the launcr~zg tuse and rocket cross sections cv the
supports. Strains and stresses induced by these phenomena jere computed
independently and superposed to jct-Ln the total strain or stress in the agent
cannister.

18
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S " t-nte lement :dealizat::ns to comoute ten, z

-"-. n s .> -.,-:Lmens.na,, o-ane stress mcte of tne -'ock,
,Ce, and sc:zcrt -ter:ace a three-:..e.. o.al mode o one

..- r : e saier asseiv .ere seo to ootain crusr, ing and bencing
.- Fzres an: 3 llustrate the ma features of these models. an'

.re e:ect[ve density, oaet: ass, and team propert';'
5 " ,-.. I= .. ... t.e z models

e ... .. ars-s was a cacu a-ion of the -usi-static resconse o:
-r .*=, ace annister. and woo.en sucort urcer a mcrotcnicaiy increas:

. .. -cm tinese computa :Dns, a crushing force-carnister strain
3"- -eveloced. Initia' conditions for the lynamic respcns2

tre ree-: ,imen5s ,ona_ 'o: crse r onded to the 40 foot trcp
% res. ts from t is model were s- ain-t ie histories in the rocket
:.- .- I::e to -encing, arts the crusrinz :orce-zime nistor; at tre rocke-

. s_ ->ort connections.

.- rshing :crce-carnLster strain cnaracteristic was cotainez first.
7 rnese tata, a non'inear elastic truss element ("tne crushing sprirg" , was

.,ncr. reflected the computed rocKet/tute an lateral support
::-.sn. s: _f-ess. These truss elements became part of the 3-D bending

* -::ze . ne, tre -vnamic response computed using the 3-D model reflected
-r rentn ~a-nd _rusng energy aosorction.

--.: a we_7r- chec. arc an eicenvalue check were made on the 3-D pallet
.. ee czm - . :ng i..TIc resonse. The purpose of these calculations

... re te "nvestiratons that the model had the correct mass and
::nxess onr' enties .re .e~gt ;fD the cuarter pallet modeled was estimated

3 .. - : _4 Its. was calculate. from the FE model. Very
e as a-so c:aire! bet,.een closed form and numerical solutions

A"- e. e rst 2entzng mote of the rocket tbe assembly was
- -o :e 3- Hz. A similar rocKettube bending mode was calculated

. / as -)3 H4z. -_I-enVa, e calculations are shown in Appendix C.

.2 Moe 2evecoment

.T.ai' the crusning force-cannister strain characteristic, a f:nite
-cdel-' :he rocket, tuce and support interface was createt. Because

"•. nz ant gecmetrical symmetry exists about the vertical and horizontai
:* .e: e aes Df this connection, only one-quarter of the tu-e and support

-z= need be modeled. Figure 7 shows the principle features of the :inite
±ert mode! Ieveioped. This idealization consisted of aoout '00 2-D plate

- .nts havrtg 2 OF at each node. The thickness of these ele iied
.............nlkness s f the woocen lateral support.

* cn.zar'! conditions at the edges of the lateral support memner, and the
- tas.n, and launching tube centerplanes are incicated in Figure 7.

on nodes along tne agent cannister-Launching tu~be and tube-support
-. r.aces are coupled in t ,e radal direction. These constraints allw

m. :eren . : si. age between n M55 and its launching tue as actually

A-- e 3 shows the feat,,nes o -the bending model. One-quarter of the
.-et 2r.tar.ng tnree :o .rs :" rockets and tubes -re represented. The t C
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off-center columns of rockets are :[e:eJ is .mued masses on the latera

support beams, while the center 2o.2fl .:" t'.ets are mCre exp-i-iti , nozele-
using beam elements. "Crusrilg sprnn eeens are inm  ca e ...-... .

:n order to account "cr coss:c-e con:-.: cetween the impaCt su- ace -nd
the lateral suocrt, a truss element :;as seen instalaed at tr.e scupnrt :en.ter
,oint (see Figure 3). This element had Little axia! stf: fness :'cr
d isoiacements -ess -nan the succort-sur:'ace YaD; for greater cisla-:en-:,,
the element stiffness Increased sharolv.

Again. only haf The longitudinal length of the callet is represen'te.c v
the model. Symmetry nas been assumed acout the pallet lateral ,eteC le..
and the effect of asymmretrical modes under vertical impact are assumed t: ze
small at the agent cannister.

2.4.3 Finite Element Characteristics and Material Models

The 3-D model developed for the pallet vertical impact proclem was t-e
% most complex of the pallet models constructed. This idealization of one-

quarter of the pallet consisted of over 100 beam and truss elements classified
into six different groups, each group having particular dimensionai or

*constitutive features. in the following paragraphs, each group is discussed

in turn.

Lateral wooden sucocrts in the pallet were icealized as beams of uniform
cross section ana nomc, gernous, isotropic material. Recause lateral supports
have a "scailooed" shape so as to conform to the lau.Ching tubes, their actual
cross sectional area varies along, the support length. To simplify the
modeling of tnese mencers wrhie accounting for the regions of increased cross
sectional area between "scallops", an effective beam width was ccmputed eased
uoon the actual beam Longitudinal area and length (see Appendix C). Because
most of the stress was exoected :o be caused by support bending along tne

grain direction, this beam was given isotropic material oroperties
corresponding to tne grain direction orthotropic properties. Because post
yield characteristics of woods are not ell understooc, i was assumed trat
the supports had elastic-perfectly piastic cehavior. Yield strengtn for the
support was taken for wood at 12 moisture content (seasoned wood). Poisson's
ratio was taken as the average of the radial-grain and tangentlal-grain
ratios.

Pertinent characteristics of these elements are sumnarized in the next

*1 table.

Table 3.

*Mechanical Properties Wooden Lateral Supports
Vertical Impact Model

Procerty Value

Elastic Modulus, E_ 1.353 E 6 usi
Poisson's Ratio 0.239
Yield Strength 5700.0 psi
.angent Modulus, P.. 0.0 Psi

%9)
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rh e 4ooden base strtr er --d ;.cL.:3r.2 'S t1,ztn :
palle-t -were assuired to u:r :n--; c'rss I :nr -32Le 1 S z
Lrca ts. :hus. 1 ke the lItaeral s -rccrts, 2a&s alet cmrrts :z r

>elzei as isocro o-, e~ita -cr:eo -a L 7n t a j L -r, 7toZ a

mecr.,anical prooert -es co',Dr~~ tot os~ri .ccc r -rot: . -aX -3.

Paramneters 'noit 'or :n!ese Lt -ensa-e .'..~

e c a1rc-- rHi rerncL

zlast~c Modu11,-S.

.angent Mod!u-us, 9

As 4in the :-ase of treong itud nalI andJ latera- imcact : ro-- emrs. rocket
* casing materials 4ere corsijere-. to be 'sotrori:, elastic-oiastic atertal,3
- with the Coll1cwirnj properties.

.aoie '0.

M echarical Prooerties of 4131 1C3 ote I
.ertical impact 7E Model

Prop ~ert a

Elastlc Modu-,.us,3(
Polsson's Ratio -.270

YielA Strrgtn.~.
ina-a-.t Modulus, E3 3

Mechanitcal Pro Dert ie3 Cr 6l6 -T 6 Aimr, um
.ertical' imiact 7EMo--el

Prooerty _____

lasti;c Mouus D.
?oisson's Ratio .31DO

YieiStreragth 38.837 3 s
* Angent Modiulu-s, E-83 . E.
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* :zt-r ccouta7ions. an e- is-:-:-I ~:5u ":u ':a .s: h

fcergl!ass La-h, ny -uces :l nc> i:': I I>>- ~.-r>
oue elIeme n s - er e man a: _v c~z:: U ii:u ':a e r ~. 4:o

- rop nelg2 t n,_ D:astuCu:v :ur - .

C ec a~ prccpert uese:rn -n~ c? U 3: 77cir> c.- 71 "

iast-c Yoiu~s 1,.S S
- )-scfl's n atio

aSt.ren gtn 2.' 0 E 7
.ino yo~ulr,. . .'

r~rn--ar e as'-: trSs emet rersnm-ccYne-l :rus

st::r'es r: D- oa'sc rSs section was jevelo-:: r M '_ te I _ S 2 ;r C
iata comouted -sr-7 the 2-D -r.o.' Disolacement at i. nacaceil :n e
a r.nd th e to :a I a : P Lied fr e .e r e ta i a ed f ro the a-D aiylses. r~ese lata
.4ere conver-cec untoc an eq.. va~ent stress-st-~ haate~succ a u-.rin.z An
eemer.c. length and cross 3ectr-na area of

*3.03 inches and srqu-are incn, rescective*V :"2ure srnows the crLe-
* acsoacement ta cbtaunez. C:Tm tne 2-D r-u *s Th e tata co-nt a S=0.'

inch. 7200 lbs. corresponids to a. a- ne azent carnister, u.e. I
Strai;n thirough the wall of' trne cannister. Acoe-n ,i~x: cont-airis a tabul a- o
-re disP_'acenen-max1nmn~ 2annuister str_-iLn resu .

Lateral supports in the Pailet assent /i ar-e seoaratec cv.ogim
stringers, also :abricated from wood. [randr -ierticallv-orencez ,,a e
impacts, these 'long itrud inal st r ingers undergo comrpress3:on pe roen-d i -,Ia r Dc --Ie
wood grain. 3e c a use cr os s-gr a in c ru;sh inrg of te I or z Lt u ti r S' tiier s us a
-ocal pnenome7ran, not occsring over a significant ' ercent age of' -.rc 31,r n_-r
length. stringer stiffness was modeled using singale truss e'mnscewe re
Lateral support beams in t.he finite elemrent model. A.s Lrndicated in F:zure 3
crese element's mnaterua! -models were nonlinear, elascic-Derfe cclv ltc

* models with isot-rocic modsi- etual to the cross-grain nrtpc
Parameters. Data for tnese ele ments are sur'.arized 7n te next aco

p a' 2
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Mechanical Prcnert.Les &Th2n~Ltudinal t'"
jert LCa~ ncacrtF Model

7zerztv I aIu e

~l~t~ Mduus ~0.064 E 6 psi
:ield Strengt:n 510.0 psz-
Ta-gent Mod,.Lus. : 0.0 Si

~Jorstatic loads, suchn as gravut-y. the pall'et assembly is ucre
eritirel'y by tr~e large oase strinw..er and ruboing strip. Ujnd-er Impact
hiowe'er. Lnerti.a loadings may ce sf crtihi so th at ataiSUDcort
Dearns neri gcending a-*so contact tr-e 4:moact surface. To recresent tn

* charize Ln co :no arv cond;-ttons orainar4.iy calls for a nrlnlrear ~
* soectfcallvadapted to conrtact Prociems . Tn SwRIs versi-or of A\,so r

e eement ices not: exisc. .o aiiress th.is J4-fficultv. :ne c r_ 1:atr c ei
a noriinear elastic truss element witn increas-rg stiffn-ess. This element,

4shown Jn Figu-re 3. was i-nstalled at the midpoint of the l'ateral support:. :''r
support ci.solacerments less than cr equal to the distance from the stuo~ort t o
the imoact -su.race, this elemrent's stiffness wias very low. For iarge.

* disolacemTerts, the element's stiffness increased rapidly, representing supoorl:
contact with the impact surface.
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o . icngitudinal impacts

As mentioned 2revlous!,'. Ie :cns~cored three _mDact _ 2eir>.o: 2>3
caused t ro rn< r etot ~~.~~iligsr:~,i~~
impact scen:-iri t-. a orsI re tne a ~ditional mass anJ -erav unor-
materials , :'o2m) -o r eAMc?. "-teossi:v ;f z De
the azge: cannister c v .as _1so exam1ned.

Figures '0-'2 suoma:se tne resul.ts of the Iongit3d~nal ,':e'"
* surface impact analyses. 7.ure '( snows the locations -aonz tre wen-

cannister where axial str a aa were tocuiated. Figre cortans thre .
plots of the strain-time n;storv for e CO foot impact. -e scos 3rcw
strains at the forwaro. mnicle, and aft end of the agent carnister.
Similarly, Figure '2 sncws "cots of the strain-time nistory for the , t
impact case. it consists 3f clots of the strain resconse at o ocat-ons ur-
the agent cannister.

For the -O foot croo, :he strains in Element 5 (tcomost plot o 7igure
71) exceeded the agent cannister failure criterion by a good margin, reaching
8t at .0035 seconds after impact. These high strains occurred in the forward,
tapered region of the cannister. At points aft of the tapered region where
cross-sectional areas are larger. lower strains were recorded. At Elements 11
.and '5 maximwm strains comouted were 0.35% and 0.11, respectively.

Close examination of these olots, particularly t-e topmost plot of Figure
"I. reveals flat regions in the strain-time nistory. These flat response
regions are generally preceded by a rapid increase in strain and only occur

after material strains have exceeded 0.4% (yield strain).

The rapid rise in strain before the flat regions signifies that the
applied load is rising and that material yielding is ocurring; the strain
increases rapicly because the plastic stress-strain modulus is very low
compared to .he elastic modulus. After the load begins to ecrease, however;
the material response can again be elastic. if the apclied load increases for
a second time, the change in strain will be relatively small until the new"
yield point is exceeded. These flat spots in the strain resoonse represent
points in the strain time history where this elastic behavior, below a newly
defined yield point, is occurring.

'.

An equivalent crush force for impact conditions was computed for this
scenario by equating the pallet's kinetic energy at impact to the work
necessary to deform the structure. For longitudinal impact, this equivalent
crush force was 546.800 lbs. (see Appendix E). Note that failure of the

* rocket occurred in this imcact scenario.

For the 30 foot impact analysis, strains at 6 points along the agent -'

cannister were clotted (Figure 12). Again, as in the 40 foot impact case,
strains were greatest in tne forward, tapered regions of the cannister and

decreased at aft sections. Strains at all sections were consistently lower
than the 40 foot case, as expected. Maximum strain at the foremost cannister

% section was less than 1.5%, indicating tat yielding of the casing had
* occurred, but it was not sufficient to cause failure (yield in aluminum begins
% at aoproximately 0.4% strain). Maximum strains at aft sections were
,% approximately 0.31t, 0.30%, 0.29, and . 85"0, respectivelv. Strains at the

U,- 27
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.cann.ster-roc et motor oin: were vr ess trar 7

Note th at strairs case: ov - a. 0 foot im-cs are not
prccor:ional• 3ros from 30 feet cause I r.L/ one-half the sr -... .. pprox ....teLyv n vo~-a te s r i

ne forward cann-ster used i te 40 foot impact• impact responses of
trne cannister are not trozor ionac cecause the cannIste: response LS -on-
linear. Aen: 2annister - e-ents 5 trough 8 for exa:moe, :eforred

4.: loastioallv cur e n -te root imoact, while dur::irC- 30 fot mo on y
cannister eLement 5 :e*:'ned plasticall - the greater part o -he agent
carnster oii no -,,e_:•

Figures 13 an: "- surm.ar ze te results for the foam impact model. As
previousli dlscussed. toe oe- -a:temc:s to assess, aiceit in a Iualtat-;e

way, interactionse . toal es an: the CAMPACT structure durin7 a
longitudinal impact.

%J 1t appears tnan the Lnner-liner :f the CAMPACT has the potential to
significantly ameLiora:e toe restonse of the callets. Figure 13 shows trat,

longitudi.al impacts onto tnick -cam, the M55 rocket response is crimari-'
in one mode com:arez to the muti:pe moae response indicated in Figures 1'

_ and '2 for unyielding surface imcacts) and that the maximum strain response is
sucstantiaiiv reoucec. Maximum computed dynamic strain for the agent
cannister in this analysis occurs in the forward tapered section of the
cannister and was aoout •041's as compared to 8% strain for tne unyielcing
surface impact case. (Because structural damping was not included in these
analyses, strain response amplitudes do not decrease over time).

Besides failure by oveL___d, another possible falure mode for the agent
cannister is Cuckling oetween the lateral supports. Tour bucKling motes were
examined in order to assess whether buckling was a ct ical failure moce ror
this type of impact, . n the first case, the cannister was considered as a
Euler column and the criticar axia- Load was computes. Because tre agent
cannister is a tnin 4aled cylinder, in the second case lobar or
circumferential cuckiing was assessed. In this analysis, the agent cannister
was considered to rave un~form cross-sectional area, i.e., the forwaro tapered
sectior 4as gnored. in the third case, lobar buckling of the tacer section
was assessed. ore and aft cross sections of the taper section were presumed
to remain circular in this closed form solution. In the last case, the
nernal burster casing critical buckling load was computed, again assuming
that ihe burster acted as a Euler column. Results of the buckling analyses
are summarized in Table _a . n al cases, the probable buckling stress
exceeds the agent cannister ultimate stress (42.0 ksi). Hence, for these
rocket support conditions, failure ty overioad should occur before failure cVv
buckling.

..- ese results indicate that a high probability of agent leakage exists

ong ituinal unyieling surface imoacts from heights equal to or greater

than feet. Pailet assemblies impacting unyielding surfaces from _ower
heltts, have a much lower probability of catastrophic failure of the igent
,3r nster..ne results also appear to indicate that the CAMPACT assemolv
pr-haciv ame'iorates the effects of longitudinac impact significantly,

* athougn witnout a more comp~ete sa-e? CAMPACT inter'c-ion anaiysis, ic is
2ct ossibne to say what the sife not safe drop height might re for M55

>" :szet.s shDcced in tne CAMFAX'.

Cd.

• '.% %'
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3.2 'ateral Impacts

7iguress'5-17 shd for tre -atera! Lmcact

s3train data from th7e 3-D .s -r o~~e . ese --a-a aopear as *
zo os of - .z- r ~ -~ 38 -- rc ,ujh 43 reoresen: the age nt ca-trIstr
reg7 on of tne rocket:, w~"-emernt -.3 rpeet~ .sfrwr a

*section. F; zcre '7 s-oews tne t,00,2t tube assemonly srnear ',ccce~t-7 :or
'or tne D r-,arc anc a-'- s-crter: jurnc-ions.

.he stra'-. reocse:ie tstories plotted rn EI e AE r - :r a ri h
result of rc :et bendrz zetween :-_ supports ... 7osnniae 'a _-'
L moac" was not Zfftc Le7t to3 cause failure of "'e _-anr: ster at a-- : 'cionsD a~av
:rorn t-he succor: >;Lnc ions. 7-.e maximurn tending srra. css.:!.,e:: o~curred in
E-lener3, aotit 2 mi~eosafter impact. 1-3s strai- ec eeec 21,r
about: one-half --h~efe valu e. At all1 other elemer ts the cn~se

* reio., cerndtn2 s~ra 7s were a: all ti;mes less than 17.

Squeezing of the rocket. tuibe assembly between t-he 'a era- suooorts
* uite severe in this loading scenario, however. 71:zjre 17 :-PCicts tr~e

rocket 'tuoe shear force at the support junctions trdicate .n Figure 15. .ne
max~mum shear force occurs around 2 milliseconds after iiia 1  impact a: tn.e
aft lateral suoport. joncn:7on. This s1hear force momentarily exceeds DO Ktcs.
Fromn the quasi-stattc s'queezin-. analysis, it was ce_-termined --hat a 5kip
shear force "as sufcrn o tause ca!nnlst.er failu-re, i e_ strain.s cecr
of 41 (see Sect ion 2. . ercc, it arccears tnat ur of the ageit
canni3ter L5lle3 to cccur- c r,-n2 lateral Licacts.

~ga't cve~atin ;th Drk -ecesszarv to d1eform, -te st-ruct._re to tre
ki;netic er~er.-y of tne pa--e,, an eqiva~ent_ crush 4tc as co: 0edfo t-.iS
impac:t scenrarto. n-S p it :o:rce eto 1a._ed -'27. 50 lbs. (see L:Ee-ndJx

Not tht n th 3 sceniar o, tre miss le fale b localized crushi-g off
teagent carn ister at. the .ite-ral succort.

3. 3 ;dertcL ncs

E-g-res B2 shcw thne computed res3ults "-rtrc pallet assembly
ureson a- oo: drop onto a unyieldir.g s!ur*'are. Figure '3 ndcates the

accro:<Imate 7ocat-_ons of t-he elements for .4h~ctrels Dlcre o*d.
Elmets21 through 2s model tre agent cannister. with El-me't 2' representing

the forward, tapered reg-.on. z.'erent. 27 has the Procerties -f tre ro:cket
mTotor casing. Figure 19 contains t-he clots of the st rain-t ine '- stories
cotained from the 3-D :initte eiement mcdel. and Figure 2K. sumrmar,.zes t-he
jiame'ral crusring di.splacements.

S C - oe t resccrse of t A >55 rockets durirg a vertlcal impact s

. i, _ts a p:arenrunIr '9 that t.he rna:nitu!de of the ten dirg
strpn arette w. rselow stra~ns indicate that the imipact enr-. as

* otigarsorc:ed s- 7i'a- ,i z y ocket bending. 't as for thsr-ls n
a th e tme L ntIe r a - on -in a i, 3 jere stopped at 45milli.seconds'l. '

tne -7 a'~lvss urw t fiartstrain-s and yielding occurred
n2 compress lon or "tre cac r 3cen strip an tend in g DC -h'

ra wocn cporto. *-c- -.a3 -troerved in tootn the ru.bbir_- s ''
lI-era. scco r s . he mamhI.,r 3Cace of he wooden Saea _C

3 ss trhar t-wo inene. n-3 i .; 2o pcrta at-stropnic !a- Ie~- ~prswould occur- a'"r j,? .ec un r : tr3 magnitlde. Futh~
* 37
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ruhn tterocket zube-s-uipzcrt a''30 a3 ;.cts::'-..,.

Jsolacemen-.s at the : iadand -af SUpCco r: t. c S e

rocket. r~a ecn=s Ln :rne.e c were c'usez,, c';c'n:c
plotting of the result-s. 4c: -al d splacem-ent vara:,c.s
but were ciuite smal-'s. A ax ,m' um J~soacement_ occurs a: .-
equals 0.02 incr es. a:c:rxra-e -I From the quas i-37 a--,_c
it was calculated -1ha: d'_,-ea 2runing disolacemer.tS e<e

*were necessary to ~O c ca ster fai.ure, ie. can 3s- 3--aS
than -4o. :he s-ie-c 7g: -n arc crushng 3 L ".S

strain muc*- less tran 4-t .nre;ets conodere -3 Z....

:unlike-y :o cce ca-sed V:c)v LmDac t.

*Overall, itsnoult be nc-,ed tha: :ne analvsis3 methocolc 7'i is some-.rat
conservative, particularly because of the assumption thnat impact surfaces are

0perfectly rigid. Actu-al surfaces, and the CAMPACT structure also,. il absorb
I-mpact energy, thereby reducing cannister straIrs. Converso:?v, 1 t must no: Ce
forgotten that the rocket structure was idealized i-n these ana--vses: Ainc,1
e ffects, corrosion, casting, or weliJ.ng flaws are not assessec --racone
for. Because these latter effects will tend to induce _ea atcer :-'nn
expected droo hei-ghts, results oresented here must : sed car-lu _I y assesse_-d
;n tne lignt: of oast experience, and compared with a::.al , tCtw~ hcrever
cossino.e.
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